Abstract: A series of ZrO 2 supported Ru-Co bimetallic catalysts were prepared and evaluated for the hydrogenolysis of glycerol. The Ru-Co/ZrO 2 bimetallic catalyst combines the advantages of both Ru and Co, exhibiting high activity and good selectivity to 1,2-propanediol. The X-ray diffraction (XRD) and TEM results show that higher calcination temperature leads to lower reducibility of cobalt oxides and larger metal particle size, which is responsible for the decrease of glycerol conversion. Increasing the reduction temperature causes an inhibition effect on the catalytic activity, but it is beneficial to promote the 1,2-propanediol selectivity. The low temperature (<300˝C) reduction can prevent the growth of metal particles, resulting in higher activity. Co oxide is an important component for the good performance of Ru-Co/ZrO 2 . The reaction temperature, hydrogen pressure, and glycerol concentration have significant effects on the catalytic performance of the Ru-Co/ZrO 2 catalyst.
Introduction
In the past few decades, because of the growing shortage of fossil fuels, the utilization of renewable fuels has become a fundamental way to implement sustainable development. Biodiesel is such a widely-used renewable fuel that can be produced from biomass-derived plant oils or animal fats. The rapid development of biodiesel production forms large quantities of glycerol as a byproduct. Therefore, the conversion of glycerol to other high value-added products has received increased attention [1] . One attractive route for the transformation of glycerol involves the catalytic hydrogenolysis to 1,2-propanediol (1,2-PDO). This diol is an important chemical for the production of polyesters, resins, and polyurethanes. Although cost-competitiveness is yet a key barrier, the hydrogenolysis of glycerol to 1,2-PDO is indisputably a promising green technology.
Hydrogenolysis of glycerol can be achieved over various heterogeneous metal catalysts. These catalysts and their catalytic performances have been summarized and discussed in several recent reviews [2] [3] [4] [5] . Among the reported catalysts, Ru is usually found to be very active even under relatively low temperature [3, 5] . Nevertheless, Ru is also active for the excessive hydrogenolysis reaction, resulting in some undesired degradation products, such as ethylene glycol (EG), 1-propanol, 2-propanol, ethanol, methanol, and even methane.
With the purpose of improving the performance of Ru, especially the selectivity to 1,2-PDO, efforts are devoted to Ru-based bimetallic catalysts. The synergistic effect between Ru and the other metal usually make the catalytic performance of the bimetallic catalysts better than that of the
Results and Discussion

Catalytic Performance of Monometallic and Bimetallic Catalysts
Firstly, the glycerol hydrogenolysis reaction was performed using the Ru/ZrO 2 and Co/ZrO 2 monometallic catalysts, as well as the Ru-Co/ZrO 2 bimetallic catalyst. The results are comparatively presented in Table 1 . A blank reaction was also conducted with neat ZrO 2 ; however, almost no conversion was observed in the absence of a metal catalyst, indicating that ZrO 2 is unable to catalyze the hydrogenolysis of glycerol independently and that the metal catalyst is necessary for the reaction. As shown in Table 1 , Ru/ZrO 2 exhibited high activity and low selectivity to 1,2-PDO, resulting in large amounts of degradation products (EG and monohydroxy-alcohols). The results are consistent with other monometallic Ru-based catalysts [9, 20] . In contrast, Co/ZrO 2 showed low activity, but the selectivity to 1,2-PDO was high, up to 83.2%. The addition of Co metal to the Ru-based catalyst remarkably enhanced the selectivity to 1,2-PDO, although the activity was slightly decreased in comparison with that of the monometallic Ru catalyst.
Some physical properties of the as-prepared catalysts are listed in Table 2 . Inductively coupled plasma-atomic emission spectrometry (ICP-AES) results show that the metal weight loadings are near to the set value described in the experimental section. The Brunauer-Emmett-Teller (BET) surface areas of all the catalysts were decreased after the preparation procedures. The bimetallic catalyst possesses bigger metal particles as compared to the monometallic catalysts. Because the catalytic performance of different metals is associated with their intrinsic property [4, 5] , no obvious relations can be found between the determined physical properties and the catalytic performance. In spite of this, our preliminary study [23] on the effect of Ru/Co molar ratio has demonstrated that the catalytic activity decreased with increasing Co loading, while a contrary trend was found for the selectivity Catalysts 2016, 6, 51 3 of 13 to 1,2-PDO. The best performance can be obtained by the catalyst with a Ru/Co molar ratio of 1:2; thus, this catalyst was used in the present work. It was also reported that Cu has a similar effect on the catalytic performance of Ru-Cu/ZrO 2 [8] . a The catalysts were calcined at 350˝C and reduced at 250˝C; b Molar ratio of Ru:Co = 1:2 (this is the best ratio according to our previous study [23] ).
Combination of the results in Table 1 and our study on the effect of Ru/Co molar ratio reveals that the product selectivity is remarkably influenced by the Co component in the Ru-Co/ZrO 2 bimetallic catalyst. Co can promote the cleavage of C-O bond, which is responsible for the increase of 1,2-PDO selectivity in the glycerol hydrogenolysis reaction. In addition, the Co content in the Ru-Co/ZrO 2 bimetallic catalyst differs slightly with that in the Co/ZrO 2 monometallic catalyst (5.75 wt. % and 5.12 wt. % respectively, Table 2 ), but the activity of Ru-Co/ZrO 2 was much higher than that of Co/ZrO 2 . This indicates that the Ru-Co bimetallic catalyst functions more like monometallic Ru in terms of catalytic activity. The Ru-Co/ZrO 2 bimetallic catalyst combines the high activity of Ru and the good selectivity of Co.
Effect of Calcination Temperature
The calcination temperature is of importance for the decomposition of metal salt precursors and the formation of various phases [24] . Table 3 presents the catalytic performance of Ru-Co/ZrO 2 calcined at different temperatures. These catalysts were all reduced at 250˝C. As the calcination temperature elevated from 250˝C to 550˝C, there was a uniform decrease in the conversion of glycerol, from 58.7% to 29.1%. The selectivity to 1,2-PDO and EG changed slightly when the calcination temperatures were above 350˝C. Figure 1 shows the XRD patterns of the Ru-Co/ZrO 2 catalysts calcined at different temperatures. The support, ZrO 2 , is in the crystalline phase of baddeleyite (JCPDS Card #86-1450). The peak intensity increases with increasing calcination temperature, suggesting that higher calcination temperature leads to higher crystallinity and larger particle size. The diffraction peaks at 2θ = 38.5˝and 44.2˝(partially overlapped with a peak of ZrO 2 at 2θ = 44.8˝) are attributed to metallic Ru (JCPDS Card #89-3942). The diffraction peaks at 2θ = 34.0˝(mostly overlapped with a peak of ZrO 2 at 2θ = 34.2˝) and 39.5˝can be assigned to CoO (JCPDS Card #75-0419). As can be seen from Figure 1 , the phases of metallic Ru and CoO were present in all the catalyst samples. It is interesting to note that Co 3 O 4 (the strongest diffraction peak at 2θ = 36.9˝, JCPDS Card #74-1656) existed in the sample calcined at 550˝C, which indicates higher calcination temperature is unfavorable to the reduction of cobalt oxides. Previous works [14, 25] also demonstrate that increasing the calcination temperature can result in decreased reducibility of the cobalt oxides. This may be one of the reasons for the decreased glycerol conversion at higher calcination temperature (Table 3) .
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Effect of Reduction Temperature
Reduction is a crucial step in the catalyst preparation process. The reduction temperature can influence the catalyst reducibility, thereby influencing the catalytic performance [18, 26] . The reaction results of glycerol hydrogenolysis using the Ru-Co/ZrO2 catalysts reduced at different temperatures are presented in Table 4 . These catalysts were all calcined at 350 °C. Obviously, increasing the reduction temperature causes an inhibition effect on the catalytic activity, but it is beneficial to promote the 1,2-PDO selectivity and to restrain the production of EG. To be specific, as the reduction temperature was raised from 250 °C to 500 °C, the conversion of glycerol decreased from 56.2% to 14.8%, while the 1,2-PDO selectivity increased from 70.3% to 78.5%. It is worth noting that the unreduced catalyst exhibited even higher activity than that of the catalysts reduced at 400 °C and 500 °C. One reasonable explanation for this is that the catalyst can be reduced in situ in the glycerol hydrogenolysis reaction under hydrogen atmosphere. However, the unreduced catalyst obtained the lowest selectivity to 1,2-PDO, which may be related to the chloride ions contained in the catalyst (the unreduced catalyst was not washed with deionized water, see the Experimental section). The chloride ion was testified to go against the formation of 1,2-PDO by Vasiliadou and co-workers [27] . Figure 3 depicts the XRD patterns of the Ru-Co/ZrO2 catalysts reduced at different temperatures. As has been discussed above, the diffraction peaks at 2θ = 38.5° and 39.5° are attributed to metallic Ru and CoO, respectively (other characteristic peaks are overlapped with the peaks of ZrO2). Due to 
Reduction is a crucial step in the catalyst preparation process. The reduction temperature can influence the catalyst reducibility, thereby influencing the catalytic performance [18, 26] . The reaction results of glycerol hydrogenolysis using the Ru-Co/ZrO 2 catalysts reduced at different temperatures are presented in Table 4 . These catalysts were all calcined at 350˝C. Obviously, increasing the reduction temperature causes an inhibition effect on the catalytic activity, but it is beneficial to promote the 1,2-PDO selectivity and to restrain the production of EG. To be specific, as the reduction temperature was raised from 250˝C to 500˝C, the conversion of glycerol decreased from 56.2% to 14.8%, while the 1,2-PDO selectivity increased from 70.3% to 78.5%. It is worth noting that the unreduced catalyst exhibited even higher activity than that of the catalysts reduced at 400˝C and 500˝C. One reasonable explanation for this is that the catalyst can be reduced in situ in the glycerol hydrogenolysis reaction under hydrogen atmosphere. However, the unreduced catalyst obtained the lowest selectivity to 1,2-PDO, which may be related to the chloride ions contained in the catalyst (the unreduced catalyst was not washed with deionized water, see the Experimental section). The chloride ion was testified to go against the formation of 1,2-PDO by Vasiliadou and co-workers [27] . Figure 3 depicts the XRD patterns of the Ru-Co/ZrO 2 catalysts reduced at different temperatures. As has been discussed above, the diffraction peaks at 2θ = 38.5˝and 39.5˝are attributed to metallic Ru and CoO, respectively (other characteristic peaks are overlapped with the peaks of ZrO 2 ). Due to the weak intensity of corresponding diffraction peaks, we are unable to calculate the particle size by the Scherrer equation. Even so, it can be seen from Figure 3 that the peak intensity gradually enhanced with increasing reduction temperature, implying that the crystal particles became larger at higher reduction temperatures. This changing trend is similar to the catalysts calcined at different temperatures ( Figure 1 ). Our previous work [20] on the hydrogenolysis of glycerol using Ru/TiO 2 catalyst has elucidated that raising the reduction temperature will cause the growth of Ru particle size, thereby decreasing the catalyst activity. As a matter of fact, high temperature treatments usually lead to the growth of metal or metal oxide particles [28] . Combination of the catalytic performances in Table 4 shows that the growth of metal particle size is a logical explanation for the lower activity at higher reduction temperature. Moreover, the low temperature (<300˝C) reduction can prevent the growth of metal particles, resulting in relatively higher activity.
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Effect of Reaction Conditions
According to the above results and discussions, Ru-Co/ZrO2 calcined at 350 °C and reduced at 250 °C exhibited the best catalytic performance in the glycerol hydrogenolysis reaction, giving satisfying activity and good 1,2-PDO selectivity. Therefore, this catalyst was selected for further study.
The effect of reaction temperature on the glycerol conversion and product selectivity was studied in the range of 140-200 °C. The results are depicted in Figure 6 . As expected, the conversion of glycerol increased remarkably with increasing reaction temperature. The selectivity to 1,2-PDO gradually increased when the reaction temperature was raised from 140 °C to 180 °C, after that it began to decrease. Correspondingly, the selectivity to EG changed slightly before 180 °C, but then it became higher. This indicates that overhigh reaction temperature favors the cleavage of the C-C bond, leading to the formation of degradation products. Therefore, high selectivity to 1,2-PDO requires an optimal reaction temperature, as was found at 180 °C in Figure 6 . 
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The effect of reaction temperature on the glycerol conversion and product selectivity was studied in the range of 140-200 °C. The results are depicted in Figure 6 . As expected, the conversion of glycerol increased remarkably with increasing reaction temperature. The selectivity to 1,2-PDO gradually increased when the reaction temperature was raised from 140 °C to 180 °C, after that it began to decrease. Correspondingly, the selectivity to EG changed slightly before 180 °C, but then it became higher. This indicates that overhigh reaction temperature favors the cleavage of the C-C bond, leading to the formation of degradation products. Therefore, high selectivity to 1,2-PDO requires an optimal reaction temperature, as was found at 180 °C in Figure 6 . Figure 7 shows the effect of hydrogen pressure on the catalytic performance of Ru-Co/ZrO2. The hydrogen pressure dramatically influenced the glycerol conversion, while it only slightly affected the product selectivity. The conversion of glycerol increased monotonously with increasing hydrogen the product selectivity. The conversion of glycerol increased monotonously with increasing hydrogen pressure. The solubility of hydrogen in water is proportional to the hydrogen pressure [36] . Therefore, the increasing glycerol conversion may be caused by the enhanced concentration of hydrogen in the aqueous solution with increasing pressure. Similar results have been obtained over other catalysts such as Co/MgO [14] .
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Experimental Section
Catalyst Preparation
The support, ZrO 2 , was purchased as analytical reagent (AR) sample from KeLong chemical (Chengdu, China). The Ru-Co bimetallic catalysts were prepared by co-impregnation method. The loading of Ru was kept at 5 wt. %, based on the amount of RuCl 3¨3 H 2 O (Kunming Institute of Precious Metals, Kunming, China). Typical procedures for the preparation of Ru-Co/ZrO 2 (5 wt. % Ru, 5.8 wt. % Co) catalyst with a molar ratio of Ru:Co = 1:2 are described as follows. Weighed amounts of ZrO 2 were impregnated with the aqueous solution of RuCl 3¨3 H 2 O and Co(NO 3 ) 2¨6 H 2 O (KeLong chemical, Chengdu, China). After impregnation, the solvent was removed under reduced pressure on a rotary evaporator. The resulting powder was dried in vacuum at 110˝C for 10 h. The dried samples were calcined in a muffle furnace at different temperatures (250˝C, 350˝C, 450˝C, and 550˝C) for 4 h. Subsequently, the calcined samples were reduced with flowing hydrogen in a fixed-bed quartz reactor at different temperatures (250˝C, 300˝C, 400˝C, and 500˝C) for 4 h. The reduced samples were washed repeatedly with deionized water to remove chloride ions, and then dried at 60˝C in vacuum for 10 h to obtain the final catalysts. For comparison, the monometallic Ru/ZrO 2 (5 wt. %) and Co/ZrO 2 (5 wt. %) catalysts were prepared in the same way.
Catalyst Characterization
The weight loading of Ru or Co was determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) (IRIS Intrepid, Thermal Elemental, Boston, MA, USA). BET surface areas of the catalysts were measured on an auto adsorption/desorption analyzer (ZXF-6, Northwest Chemical Industry, Xi'an, China) using nitrogen as adsorbate.
The X-ray diffraction (XRD) measurements were performed on an X'Pert Pro MPD X-ray diffractometer (Philips, Amsterdam, Netherlands) equipped with a Cu Kα radiation source (λ = 0.15406 nm). About 50 mg of catalyst samples were pressed in the sample holder. The operating voltage and current were 40 kV and 25 mA, respectively. The XRD patterns were obtained with a scan rate of 2 s/step and a step size of 0.05˝(2θ). The particle size of corresponding crystalline phase was determined by XRD using Scherrer equation (d = 0.9λ/βcosθ) if the peaks were intense enough. Transmission electron microscopy (TEM) was used to determine the particle size and the morphology of the catalyst samples. The TEM images were obtained by JEM-1200EX at 100 kV (JEOL, Tokyo, Japan). The sample was ultrasonically suspended in ethanol and deposited on a Cu grid recovered with a thin layer of carbon. The X-ray photoelectron spectroscopy (XPS) experiments were carried out on an X-ray photoelectron spectrometer (XSAM800, Kratos, Manchester, UK), employing Mg Kα radiation. The X-ray source was operated at 12 kV and 12 mA.
The reduction characteristics of the catalysts were studied by temperature programmed reduction (TPR). The TPR experiments were carried out on a homemade apparatus equipped with a U-shaped quartz reactor and a thermal conductivity detector (Haixin, Shanghai, China). To remove the adsorbed water and other contaminants, 100 mg of the calcined catalyst sample in the reactor was pretreated in flowing He at 350˝C for 1 h, followed by cooling to 100˝C. After the pretreatment, the gas was switched to 10% H 2 /He at a flow rate of 30 mL/min, and the temperature was raised to 750˝C (10˝C/min).
Catalytic Experiments
Hydrogenolysis of glycerol was carried out in a 60 mL stainless steel autoclave equipped with a magnetic stirrer and an electric temperature controller. The catalyst and glycerol aqueous solution were charged into the autoclave. The reactor was sealed and purged repeatedly with hydrogen to eliminate air. Then, the reactor was pressurized to the necessary hydrogen pressure and heated to the desired reaction temperature. Details of the reaction conditions are described for each experiment in the text. A full list of products and selectivities are shown in Tables S1-S3 in the Supplementary Material.
After the reaction, the reactor was cooled to room temperature. The liquid-phase products were analyzed by HPLC (SHIMADZU, Tokyo, Japan) using an Aminex HPX-87H (Bio-Rad, Hercules, CA, USA) column and a refractive index detector. The mobile phase was sulphuric acid with a concentration of 5 mM. The gas products were analyzed by GC (GC-9790, Wenling, China) equipped with a 601 molecular sieve packed column and a thermal conductivity detector. The liquid products detected were 1,2-propanediol (1,2-PDO), ethylene glycol (EG), 1-propanol, 2-propanol, ethanol, methanol, and trace amounts of 1,3-propanediol. Gas products contained small amounts of CH 4 and CO 2 . The selectivity denotes the selectivity in liquid products [10, 11] . The loss of carbon balance is calculated as the percentage of missing carbon (the carbon except the liquid phase) accounted for at the end of the reaction. Because the reactor was not equipped to analyze the gas and liquid products simultaneously, a certain amount of gas phase products were inevitably lost during liquid sampling [39] . To be specific, the glycerol conversion and product selectivity were calculated on carbon basis according to the following equations:
Conversion of glycerol p%q " moles of glycerol consumed moles of glycerol initially chargedˆ1 00
Selectivity p%q " moles of carbon in specific product moles of carbon in all detected productsˆ1 00
Conclusions
The addition of Co component to the Ru-based catalyst remarkably enhanced the selectivity to 1,2-PDO for the glycerol hydrogenolysis reaction. The bimetallic Ru-Co catalyst functions more like monometallic Ru in terms of catalytic activity. Ru-Co/ZrO 2 calcined at 350˝C and reduced at 250˝C exhibited the best catalytic performance. The XRD and TEM results show that the growth in the metal particle size may be the reason for the lower activity at higher calcination or reduction temperature. The TPR results indicate that a synergistic effect between Ru and Co exists in the Ru-Co/ZrO 2 bimetallic catalyst. Co oxide is an important component for the good performance of Ru-Co/ZrO 2 catalyst. The reaction temperature, hydrogen pressure, and glycerol concentration have significant effects on the catalytic performance of the catalyst. The reaction conditions used in this work are mild, but the 1,2-PDO selectivity is not very satisfying as compared to some Ru-Cu catalysts [8, 9] . More investigations are under progress to further improve the catalytic activity and selectivity. Table S1 : Catalytic performance of the prepared catalysts in glycerol hydrogenolysis; Table S2 : Effect of calcination temperature on the catalytic performance of Ru-Co/ZrO 2 ; Table S3 : Effect of reduction temperature on the catalytic performance of Ru-Co/ZrO 2 .
